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Abstract

Understanding the e�ects of ageing instrumentation on the measurement of various beam properties is

key to �xing undesired behaviour. The aim of this thesis was to conduct an investigation into the un-

explained observations presented by Secondary Emission Monitor (SEM) instrumentation in the North

Area (NA) �xed target beamlines at European Organization for Nuclear Research (CERN). First in-

stalled in the late 1970s, last calibrated in the 1990s and still in use today, SEM monitors are ubiquitous

in these beamlines and responsible for measuring quantities such as the Protons on Target (POT), the

transmission e�ciency and beam position, used for steering the beam.

The main objectives were: to understand and separate the contributions to signal caused by foil ageing

due to proton dose, changes in the vacuum conditions and additional secondary charged particles, cre-

ated in interactions with the bias foils or surrounding equipment; to perform the absolute calibration

of the Beam Secondary Emission Intensity monitor (BSI)s in the NA target locations; and to improve

the signal to noise ratio of the Beam Secondary Emission Grid (BSG)s in the NA, thus improving the

steering accuracy within the beamlines.

To understand the contributions to the BSI signal from additional secondary charged particles, simula-

tion work was conducted comparing di�erent positions of the beam relative to the BSI geometry. The

energy, vertex location, generating process and type of particle created by the simulations and their e�ect

on the signal generation for the BSI monitors was studied.

The absolute calibration measurements for the BSIs, positioned at the primary target locations in the

NA, were carried out using the activation method, and as a result, new calibration factors were estab-

lished for all BSIs at these locations, a�ecting POT measurements for all �xed target experiments in the

NA and improving the reliability of the transmission e�ciencies measured. The results, stability of the

measurements and the impact that these have on the operation of these devices was discussed.

A solution for improving the signal to noise ratio of BSGs, using autoencoders to reduce the background

noise, was investigated. An autoencoder model was trained on available BSG data and tested on new

data. The results and performance of this model were evaluated.
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Chapter 1

Introduction

The European Organization for Nuclear Research (CERN) experimental complex was built to answer a

range of fundamental physics questions, concerning matter/antimatter asymmetry, the search for dark

matter, neutrino physics, among many others. Since its construction, it has been responsible for vali-

dating the standard model theory, through the discovery of the W, Z and Higgs boson, the �rst creation

of antihydrogen, among many other important feats [1]. These discoveries have driven incredible tech-

nological innovation, such as the invention of the World Wide Web [2].

At the heart of the experiments conducted at CERN are particles. The experiments rely on high energy

particles, arriving at the right location and at the right time. Accelerating and guiding these particles

is achieved via interconnected accelerators and beamlines. These rely on a large number of instruments

in the beam, to understand where the particles are, how many of them exist and if they are on track to

arrive at the correct location. Feedback systems are designed around these to guide the particles towards

the ideal conditions, ensuring that they arrive at each location in the right conditions.

Since its creation CERN has expanded greatly, and state of the art solutions have been custom built for

the latest accelerators. But alongside these huge new developments and upgrades there are also many

older beamlines and accelerators, some of which have been repurposed, some retired and others that

have been in operation for many years, still containing older equipment, that has been functioning, but

in unexpected and inconsistent ways.

The CERN North Area is one such beamline, containing ageing instrumentation, some of which has

been in place since the construction of the beamline in the late seventies. This thesis, covering the

topic of Secondary Emission Monitor (SEM) optimisation, is the result of a four year project, realised in

collaboration with CERN and the University of Liverpool. The objective was to investigate the ongoing

issues with the SEM instrumentation present in the beamlines, perform calibration measurements and

create simulations of the beam interaction with the SEM monitors, to understand the origin of these
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problems and �nd solutions for optimising their measurement capabilities.

The remainder of this chapter will describe the CERN accelerator complex, giving details about the

project location, a brief introduction to the physics of particle matter interaction, followed by presenting

the an insight into the history and motivation behind this project. Chapter 2 will introduce important

accelerator physics concepts, as well as the relevant beam instrumentation. Chapter 3 shows simulation

work conducted in Geant4 investigating the interaction between the beam and the Beam Secondary

Emission Intensity monitor (BSI) monitor. Chapter 4 presents the calibration measurements conducted

for the BSIs at the target stations in the North Area. Chapter 5 will cover the the topic of machine

learning used for optimisation of SEM grids. Chapter 6 presents the �nal considerations and plans for

future work.

1.1 CERN Accelerator Complex

CERN is home to a number of accelerators, most of which are a part of the injection chain for the Large

Hadron collider (LHC), the largest collider built to date, measuring 27 km.

The accelerator complex is capable of accelerating protons and heavy ions and provides particle beams

for a large variety of experiments located on several locations along the trajectory of acceleration. Figure

1.1 shows the CERN accelerator complex and associated experiments.
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Figure 1.1: The CERN Accelerator Complex [3]

The acceleration process for protons begins in the Linac4 (which replaced Linac 2 in 2020), here H- ions

are accelerated to 160 MeV, before being injected into the Proton Synchrotron Booster (PSB). Upon

injection into the booster the ions are stripped of their electrons to create a proton beam and accelerated

to 2 GeV, before being transferred to the Proton Synchrotron (PS). Here they are further accelerated to

26 GeV, and passed on to the Super Proton Synchrotron (SPS). The SPS accelerates the protons to 450

GeV, before reaching the �nal acceleration stage in the LHC, where particles reach energies of 7 TeV

before collision.

1.1.1 SPS and North Area (NA)

As well as being an important step in the acceleration of proton beams for the LHC, the SPS also pro-

vides beams for other experiments such as AWAKE and the �xed target experiments in the North Area.

It has been in operation since 1977.

In order to visualise where the beam is distributed one can access the SPS Page 1 via the CERN

website. This is will give access to a page with plots such as seen in Fig. 1.2, if there is beam. This is a

live image of what is going on with the SPS accelerator at any given moment. The white line represents

the current going through the magnets and the yellow line represents the proton current in the SPS.
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Figure 1.2: SPS Page 1 Screenshot

Each time the yellow line goes up, it means that the SPS is receiving protons, this is known as the

injection phase. When the yellow line goes down it means that protons are leaving the SPS and being

sent somewhere, this is called extraction. The time from the beginning of the injection to the end of the

extraction is called a cycle. In Fig. 1.2 you can see multiple cycles. All the cycles that can be seen in

this image make up what is called a Super-cycle and the vertical white bar shows the current position

in the Super-cycle. Each cycle will correspond to a di�erent user and the Super-cycle pattern will keep

repeating until modi�ed. The user indicates where the beam is being sent and beam parameters, such

as intensity and duration of the extraction may di�er for di�erent users. For example, in Fig. 1.2 the

current user is SFTPRO1. This means that the beam is being sent to the North Area. Other North

Area users include SFTPRO2 and SFTION.

The North Area, in operation since 1978, is home to many �xed target experiments, that compliment

the collider based experiments at CERN. Fixed target experiments are those in which the protons, in-

stead of colliding with other protons, collide with a target, producing secondary beams of other particles.

The TT20 beamline receives a slow extracted beam from the SPS, which it transports to the exper-

iments in the North Area. The North Area is home to many SEM, of di�erent types, measuring beam

intensity, beam position and beam pro�le. These instruments are described in more detail in Section 2.3.1.

12



Looking at Fig. 1.2 it is possible to see that the extraction to the North area is a slow extraction. The

yellow line goes down diagonally, showing that it is reducing slowly over time. In contrast the turquoise

line, representing an AWAKE experiment cycle, is vertical at extraction, indicating a fast extraction.

Di�erently to the beam in most accelerators at CERN, which is generally bunched, the slow extracted

beam in the North Area is continuous, having a �xed intensity and a typical pulse duration of 4.8s. This

pulse of DC beam is known as the spill. The slow extracted beam is distributed towards the di�erent

targets in the North Area. The intensity of the beam at each target is measured by BSIs positioned

upstream of each of the Target stations. The proton intensity at each target is displayed in the SPS

Page 1, below the plots of the super-cycle, as seen in Fig. 1.2. Information displayed on SPS Page 1 is

crucial for beam operation. Both Operation and North Area experiments rely on BSI data collected by

various BSIs positioned along the lines, to measure the proton current.

1.2 Interaction of particles with matter

Understanding the interaction between the particle beam and objects placed in and around it is of crucial

importance in the �eld of beam instrumentation. This section will give an introduction to some of the

main processes that govern the interaction between the proton beam, extracted from the SPS, and the

BSI monitor described in Section 2.3.1.

The interaction of particles with a medium is often described in terms of energy loss. There are di�erent

mechanisms for energy loss, that will vary according to the type of particle, the kinetic energy of the

particle and the type of medium. The probability of a particle iterating with a target, or another particle,

is known as a cross-section� . Di�erent types of cross-sections exist for di�erent types of particles and

processes. The di�erential cross-sectiond�
d
 for a photon is described by Eq. (1.1), whered
 represents

the solid angle in the direction of the photon scattered [4].

� =
Z

4�

d�
d


d
 (1.1)

The proton beam, being made up of charged particles, is a�ected by Coulomb forces and will interact

with the electrons present in the target material. A number of Coulomb interactions may happen, such

as elastic or inelastic scattering, radiative emission and absorption. Elastic scattering, where the total

kinetic energy is conserved, does not lead to much energy loss, as the target tends to be much larger

than the incoming particle, and as such will not recoil much, but will cause the incoming particle to

change direction. Inelastic scattering occurs when the incident particle transfers some of its energy to

an electron in the target, causing the excitation of atoms and ionisation.
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In addition to electromagnetic interactions, the particles can also undergo hadronic and nuclear in-

teractions, which although not the main method responsible for the signal generation in SEMs, could be

responsible for other background processes that may a�ect the measured signal. In particular if these

interactions create products that are also charged particles, that could lead to the ampli�cation of the

signal being measured. It is beyond the scope of this thesis to give a comprehensive description of all

possible interactions of particles with matter. This section will cover the processes most relevant to the

understanding of signal generation in SEM detectors, such as ionisation and the Bethe-Bloch equation,

the semi empirical theory of secondary electron emission, and also processes relevant for the calibration

of SEM monitors such as nuclear Spallation, which is the key process responsible for the Activation

Calibration Method, described in Section 4.2.

1.2.1 The Bethe Bloch Equation

The inelastic collisions taking place between the proton beam and the electrons in the target, result in

the deposition of energy along the particle track. The energy deposition changes according to particle

momentum, and di�erent models are used for each momentum range. Fig. 1.3 shows the mean energy

loss for a positive muon in copper at various momenta. The vertical blue lines represent the boundaries

in which di�erent models best apply.

For moderately relativistic heavy charged particles1 the mean rate of energy loss when a particle

passes through a material, or stopping power, in units ofMeV g� 1cm2, is best described by the Bethe-

Bloch equation:

�
�

dE
dx

�
= Kz 2 Z

A
1

� 2

�
1
2

ln
2mec2� 2
 2Wmax

I 2 � � 2 �
� (�
 )

2

�
(1.2)

Here K is a constant of value 0:307 075 MeVmol� 1cm2 given by 4�N A r 2
emec2, z is the charge num-

ber of the incident absorber, Z is the atomic number of the absorber,me is the electron mass,r e is the

classical electron radius,NA is Avogadro's number, I is the mean excitation energy in eV, A is the atomic

mass of the absorber,� and 
 are the relativistic kinematic variables, Wmax is the maximum transfer of

energy from a single collision, given by Eq. (1.3) and� (�
 ) is the density e�ect correction to ionisation

energy loss.

Wmax =
2mec2� 2
 2

1 + 2
m e
M + ( m e

M )2
(1.3)

1pariticles with momentum between 0 :1 . �
 . 1000
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Figure 1.3: Stopping power for positive muons on copper as a function of momentum. From [5]

Where M is the mass of the incident particle. Further information about the derivation of this equation

and the di�erent terms it contains can be found in [5, 6]. Fig. 1.4 shows the stopping power for protons

in a range of di�erent target material between the energies of 1keV � 10GeV.

Energy loss for electrons at lower energies is described by a similar version of the Bethe-Bloch equation,

but as their energy increases, ionisation ceases to be the main mechanism for energy loss and more and

more energy is lost to radiation, with Bremsstrahlung being the dominant process. The point at which

the energy lost via ionisation equals the energy lost through radiation is called the critical energy (Ec).

Expressed in units of MeV Ec for electrons is given approximately by Eq. (1.4) [8].

Ec =
800

Z + 1 :2
(1.4)

The critical energy exists also for other particles such as muons and pions, but for these the value of

Ec is much higher. This is can clearly be seen in Fig. 1.3 which shows theEc for muons in copper is

hundreds of GeV.
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Figure 1.4: Stopping power for protons incident on various materials. Using data from [7]

If a particle passes through a composite material, then we can imagine the medium being made up

of j thin slices, then the energy deposited per slicedE
dx j can be summed to give the total energy deposited:

�
dE
dx

�
=

X
wj

�
dE
dx j

�
(1.5)

1.2.2 Particle Range and straggling

Charged particles depositing energy in a material lose energy continuously according to the Continuous

Slowing Down Approximation (CSDA), at a rate equal to the mean energy loss of the particle in that

particular medium. The mean path travelled by these particles in the material according to the CSDA

description is de�ned as the CSDA rangeRCSDA , given by Eq. (1.6).

RCSDA =
Z �

dE
dx

� � 1

dE (1.6)

However, in reality, particles do not deposit exactly the mean energy at every step they take in the

material, their actual energy loss will vary around the value of the mean energy loss. This variation in

energy loss has an impact on the range of the particles, and this variation in both range and energy

loss is known as straggling. This de�nition of range applies to particles that lose energy predominantly

16



according to the Bethe-Bloch equation. As particles start to loose energy predominantly via radiation,

this de�nition no longer applies[6].

As well as not taking straggling into account, the CSDA range does not consider the e�ects of multiple

scattering. Alternatively one can de�ne the mean forward range orRmf , also sometimes called projected

range, as the mean forward path of the particle, including both straggling and multiple scattering e�ects.

This is normally shorter than the CSDA range.

1.2.3 Theory of Secondary Electron Emission

Secondary Electron Emission (SEE) is de�ned as the emission of an electron, created by the interaction

of a charged particle with matter. A theory for secondary emission was developed by E. J. Sternglass

in [9]. Here he describes the derivation of a semi-empirical formula for the secondary emission process.

This is a process involving three main stages: excitation, di�usion and emission.

In the �rst stage the charged particle interacts with the electrons in the solid, transferring some of

its energy to them. If the energy is su�cient then ionisation can occur. This ionisation can be either

the ionisation of the electrons in the solid, or the ionisation of electrons in the charged particle passing

through it (if this is a charged particle containing electrons). The majority of electrons generated will

be low energy electrons, but there is also a small probability of creating higher energy� electrons. This

type of electron is the result of a close interaction between the projectile particle and an atomic electron,

in which a large amount of energy is transferred to that electron.

Once created, the electrons can travel in the material and create further interactions, this is the dif-

fusion stage. Here, Sternglass compares the motion of the excited electrons in the solid to the motion

of electrons in a gas, and uses di�usion theory in order to describe the motion of these particles. Low

energy electrons are unlikely to travel far from where they are originally created, but� electrons, can

travel further and contribute signi�cantly to the production of secondary electron emission. For this

reason, in Sternglass' description of the SEE process he speci�cally distinguishes between two types of

secondary electron generation processes: the secondary electrons created by direct interaction with the

primary charged particle (nse
(1) ), described by Eq. (1.7) and those created by interactions with� elec-

trons (nse
(2) ), described by Eq. (1.8).

nse(x; v)(1) =
1
�E0

�
dE
dx

� (1)

(1.7)

Here x represents the depth, �E0 is the mean energy lost per secondary creation and



dE
dx

� (1)
is the mean

energy lost in creating low energy secondaries.
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nse(x; v)(2) = f (x; v)
1
�E0

�
dE
dx

� (2)

(1.8)

Similarly to the previous equation



dE
dx

� (2)
is the mean energy lost in producing� electrons and f(x,v) is

the energy available for the generation of� electrons at a certain depth. The combined contributions of

secondary and� electronsnse(x; v i ) is given by Eq. (1.9), which is the sum of Eqs. (1.7) and (1.8).

nse(x; v i ) =
�

1
�E0

�
1
2

�
dEi

dx

�
[1 + f (vi x)] (1.9)

The third stage is the emission of the electron. The probability of emission of an electron at a depth

x from the metal is described by Eq. (1.10), is dependent on a constant related to the distribution of

initial velocity of the secondaries A, the surface transmission coe�cient � , given by Eq. (1.11) and the

characteristic length of di�usion of low energy electronsL s, given by Eq. (1.12).

P(x) = �A exp
�

� x
L s

�
(1.10)

In his paper [9] Sternglass argues that� , in the context of bombardment by fast ions, is independent of

the work function and the Fermi Energy and can be expressed in terms of the surface dipole potential

� D . Assuming evenly distributed electron velocities� can be shown to be given by Eq. (1.11)

� = 1 �
�

� D
�Es + � D

� 1
2

(1.11)

Here � D originates from the di�erence in electrostatic potential for the electrons inside the metal (where

they are created) and the vacuum to which they escape and�Es is the secondary electron energy, mea-

sured relative to the vacuum level. � D is expected to be small in comparison to the average energy of

the secondary electrons.

L s = ( � 0N� g) � 1; (1.12)

The characteristic length of di�usion of low energy electrons L s is related to the number of atoms per

unit volume N , the geometric area of the outermost �lled shells� g and constant � 0, which is assumed

18



to be similar for all metals, considering the atom is described as a collection of free atoms [9].� g was

experimentally observed to agree with the empirical formula given by Eq. (1.13), in whichZ represents

the atomic number.

� g = 1 :6 � 10� 16Z 1=3 (1.13)

The quantity of electrons generated for each proton is called the Secondary Emission Yield (SEY ). This

can be determined by integrating the number of secondary electrons produced in a thin slice dx, at a

depth x, by the probability of emission of the electron at that depth.

SEY =
Z

nse(x; v i )P(x)dx (1.14)

Solving the integral in Eq. (1.14) leads to Eq. (1.15), in whichL � is the e�ective penetration depth for

delta electrons.

SEY =
1
2

�
1
�E0

��
dEi

dx

�
�AL s

"

1 +
1

1 + L �
L s

#

(1.15)

The angle of incidence of the incoming projectile can have a signi�cant e�ect on the SEY, as particles

with an angle � with respect to the normal, would have a larger range and thus more opportunities for

interaction. In [9] the relationship beteween the SEY measured at an angle of� to the normal (SEY� )

and the SEY measured at an angle of 0 to the normal (SEY0) is described by:

SEY�

SEY0
= sec(� ) (1.16)

However after further experimental investigation [10] this relationship in Eq. (1.16) was later found to

better described by Eq. (1.17), In which � is the secondary electron absorption coe�cient and x is the

penetration depth.

SEY�

SEY0
= e�x (1 � cos� ) (1.17)
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Fig. 1.5 shows the spectra of energies for secondary emission electrons produced by 500 keV protons for

various di�erent materials. It is clear that the majority of secondary electrons have quite a low energy

peak, in the order of eVs.

Figure 1.5: SEY Spectra, taken from [11]

1.2.4 Spallation

A collision between a high energy projectile and target can produce a type of nuclear reaction known

as spallation, in which the projectile interacts with atomic nuclei, removing nucleons and causing some

lighter nuclei to be expelled [12, 13]. This process occurs in steps, which are illustrated in Fig. 1.6. In

the �rst step the projectile collides with a nucleon, knocking it out and provoking a series of knock on

collisions between nucleons, with further nucleons being ejected. This is called intra-nuclear cascade.

Some nucleons may also interact with nucleons from another nucleus, this is known as internuclear cas-

cade. The remaining nucleus is thus highly excited, from all of the repeated collisions [15, 16].

In the second step the excited nucleus decays by evaporation of neutrons and light charged particles,

leading to a variety of nuclei of mass number smaller than that of the target being formed.
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Figure 1.6: Steps in spallation process, from [14]

1.3 History and motivation

The CERN North Area, as described in Section 1.1.1, has been in operation since 1978 [17] and is home

to various �xed target experiments such as COMPASS/AMBER, NA61/SHINE, NA62, NA64, the neu-

trino platform, as well as being used for R&D and testing of detectors and instrumentation [18].

The beam for this area, coming from the SPS, is carried towards the target beamlines, via the TT20

beamline. Most of the SEMs in the TT20 area were installed in the late 1970s [19]. The last calibration of

these instruments was performed in 1996 [20]. Apart from the renovation of the target box instrumenta-

tion in 2014, which is described in [21], very little documentation exists to indicate that any changes have

occurred to the BSIs since their last calibration. These instruments, despite their limitations, survived

the best part of four decades with minimum changes and interventions.

In 2016 the Physics Beyond Colliders (PCB) initiative began, with the intention making full use of

the infrastructure available at CERN. The proposal, detailed in [22], was to explore the creation of fun-

damental physics research experiments, complimentary to those being conducted in colliders. This led

to the evaluation of existing facilities, including the North Area beamlines, and the proposal of many

ambitious projects. The stringent requirements of many of these projects brought to light the limitations

of the NA instrumentation, which was not originally designed with these experiments in mind.

A key issue that has been mentioned [23, 24] is the high activation level detected in the slow extraction

area of the TT20 beamline. The number of Protons on Target (POT) has been increasing over time and

future experiments will demand even higher POT. If left unchanged, increased POT would result in more
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losses, and higher activation, since the activation is caused by predominantly by the slow extraction losses.

Slow extraction is a beam extraction process which transforms a pulsed beam into a continuous beam,

with a DC current with a longer duration. This DC pulse in the TT20 beamline typically lasts around

4.8 seconds.

Determining the extraction e�ciency is key for adequate protection measures to be taken for both

sta� and equipment, since the extraction e�ciency is proportional to the induced radioactivity [25, 26].

The extraction e�ciency can be determined from the ratio between the extracted beam intensity and the

intensity measured when the beam is circulating (before extraction). Calibration errors between di�erent

beam intensity monitors, even if they are small, can have a signi�cant impact on this e�ciency.

In addition to extra protection from radiation, future experiments would also like to improve the preci-

sion of the devices, with plans to either signi�cantly improve the current detector design or to replace the

currently installed monitors with a better performing device during Long Shutdown 3 (LS3). Cryogenic

current comparators have been mentioned in [19] as a possible, albeit costly solution, but the preferred

solution would be to understand problems occuring with the SEM devices and optimise them, in order to

achieve the required performance at a lower cost. Key priorities for improvement include beam position

and intensity measurement, which present distinct challenges to be addressed.

BSP monitors are used in some parts of this beamline for measuring the beam position, but they have

known saturation issues. Other monitors used to monitor steering include BBS and BSG monitors, which

use thin metallic strips instead of foils to measure the beam position. Because multiple measurements of

position are being taken and these are relative measurements, absolute calibration is not a big problem

for the smooth operation of these devices. However the small size of the strips means less of the beam

passes through them, resulting in much lower secondary emission currents. Low signals can be ampli�ed,

but this can create noise. Signal to noise ratio here becomes an important consideration. Chapter 5

presents work done using machine learning to improve signal to noise ratio for BSG monitors in the

beamline.

In the NA, due to the low DC beam current extracted, it is not possible to use conventional beam

pick-ups (which can normally be calibrated to 1% error) to measure the beam intensity. Instead, pro-

portional counting instruments, such as SEMs and ionisation monitors are employed [27]. Many SEMs

are used for beam current measurements between the SPS and the target stations.

However SEMs in particular are prone to degradation over time, due to environmental factors such

as radiation, vacuum and conditioning history. This degradation leads to the secondary emission yield
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changing over time. Although we know this degradation is happening, it is unclear to which extent each

one of these factors is contributing to the degradation, and over what time scales these changes occur.

These changes in Secondary Emission Yield (SEY) are of great importance for SEM monitors that

measure beam intensity, because they measure the current from a single foil and rely on devices being

calibrated to work properly. Any change to the SEY would have an impact in the accuracy of the signal

being measured therefore absolute calibration is crucial for these instruments.

Some studies [20, 28] looking at the stability of SEM foils and evaluating their degradation over time were

conducted. The longest study [28] was conducted over a year between 1995 and 1996. A range of di�erent

foil materials were tested, including aluminium, titanium, gold, and gold-plated aluminium and titanium.

It was observed that in most foils, including aluminium, which was commonly used in BSIs at the time,

the SEY decreased signi�cantly during the testing period. Titanium was the best performing material,

showing a slight increase in the measured SEY in the beginning, and returning close to its original SEY

value over time. This resulted in all the target station BSI monitors having their foils replaced with tita-

nium foils. However the timescale of the studies conducted is relatively short, compared to the lifetime of

the BSI monitors and it is not clear whether the results observed can be directly attributed to one factor.

A more recent analysis [29], including SEY and X-ray Photon Spectroscopy (XPS) measurements, was

conducted at CERN in 2016, examining old aluminium BSI foils. This study found signi�cant di�er-

ences in the SEY of the aluminium foils measured at di�erent locations, and the presence of additional

elements on the surface of the foils. These results are complimentary to the previous SEY study [28] and

demonstrate the combined ageing e�ects, resulting from the beam conditions these foils were exposed

to. It would be interesting to see similar studies conducted on titanium foils.

Studies [30{33] have also been conducted to study the impact of vacuum, surface treatments and condi-

tioning on the SEY of certain materials, such as carbon, copper, aluminium and stainless steel. In [32]

the e�ects of exposure to high vacuum and air were studied for amorphous carbon coatings on stainless

steel. Exposure to either air or high vacuum were found to increase the SEY, although interestingly

not all samples subjected to similar conditions aged at the same rate. It was found that annealing the

coating in air lead to a decrease in SEY. In [30], many ways of lowering the SEY were discussed including

making grooves, coating surfaces, blackening of the surface of materials using a laser, and conditioning

of materials through electron bombardment.

Most of these studies were conducted in the context of electron cloud, aiming to study how to re-

duce the SEY with the application of various coatings. It is possible to gain an insight into some factors

that can impact the SEY, but di�cult to draw any direct conclusions, since the materials in question
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are not the same as the material of the BSI foils. In [34] the e�ect of ion bombardment on the surface

of untreated titanium and copper was studied, as well as its e�ect on the SEY. It found that titanium

that had been treated by bombardment with low pressure, 1500 eV argon ions, signi�cantly decreased

the SEY in titanium, when tested for a range of electron energies between 200 and 2000 eV. Here, al-

though the same material was used, as that of the BSI foils, the beam type was di�erent and the energy

range is orders of magnitude lower when compared to the beam in the CERN North Area (NA). Most

SEY studies found, focus on the SEY values measured close to the SEY peak, but little data exists for

higher energy values, far from this peak.

Problems with the calibration of SEM devices were highlighted in 2016, when a large di�erence was

noted between beam intensity measured by a SEM monitor (BSI.210279) in the TT20 beamline and the

beam current transformer (BCT) in the SPS. There was also a di�erence between the current measured

between two foils located within the same device. The BSI.210279 monitor being comprised of two

measurement foils A and B, sandwiched between bias foils: foil A being upstream of foil B. According

to [27], at the end of the physics run in 2016, foil A was removed from TT20 and installed in TT10 in

order to investigate this issue, as the TT10 line had a fast-BCT, enabling the direct measurement of

beam current. The foil at position B in TT10 and both foils in BSI.210279 were replaced with new foils

at this time. This paper mentions that after moving foil A between TT20 and TT10 a signal increase of

10% was recorded for this foil, which was attributed to its exposure to air and that a 15% discrepancy

was measured between the two foils (A and B) in the same device.

Figure 1.7: Intensity measured in by BSI as a function of intensity measured by BCT for two foils in

BSI.210279 during 2017
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Fig. 1.7 shows the beam current intensity as measured by the two foils of BSI.210279, compared to

the beam current intensity measured by the BCT in the SPS ring, for the period between May and

October 2017. The green line represents the ideal calibration, in which the intensity measured by the

BSI foils and the BCT are the same and the slope is equal to 1.

In reality the measurements of the BSI foils deviate from the green line, due to a few di�erent fac-

tors. Firstly, the extraction from the SPS is not lossless, and secondly the calibration of the BSIs is not

perfect. The di�erence between the ideal slope and the slope of the measured BSI values could suggest

systematic errors in the calibration of the device - such as the DAQ gain, or SEY- it could also indicate

secondary emission losses between the BCT and BSI.

The di�erence in current measured between the two foils could be due to charged particles, created

in the �rst foil or bias foils, reaching the second foil and creating an additional secondary emission sig-

nal. The bias foils, in theory should help to prevent this from happening, but they wouldn't be able

to stop higher energy particles. However it is also possible that the signal di�erence could be due to

localised ageing of the foil or contamination due to changes in vacuum conditions. The latter being a

possible consequence of the lack of reliability the of the vacuum system in the NA beamlines, reported

in various documents [18, 35{37] between 2015 and 2021. The problems derive from the high levels of

radiation damage the equipment is subjected to, which lead to the degradation vacuum components over

time, resulting in failures, compromising the reliability of the system.

The relationship between the beam current measured by the two BSI foils is non-linear. This could

be caused by the losses varying according to beam intensity, the SEY changing over time, or the DAQ

relationship with signal level. In Fig. 1.8, which shows the progression over time of the signal measured

by the two BSI foils, normalised by the signal measured by the BCT in the ring, we can see the non-

linearity even more clearly.

It is evident that not only is the signal 
uctuating over time, but that the di�erence between the two

measured signals is also varying, with the signal values for the two foils converging more towards the end

of 2017, than they did at the beginning. The exact reason for this remains unclear. Similar mechanisms

could be responsible for this that cause the non-linearity e�ects described, or perhaps it could be linked

to the stability of the beam operation.

This is however quite a complex problem, with multiple factors to consider. Is there an increase in

signal due to secondary particles, coming from losses or contact with other instrumentation in the vicin-

ity? It is important to note here that the SEM instruments have bias foils that contain a hole at the

centre. If there were any problems with the beam steering, or if the beam was larger than the bias foil
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Figure 1.8: Ratio of BSI to BCT Intensity as a function of time

hole this could be an important issue to think about. Additionally, as already discussed, we know that

bombarding foils with particles, changes the material properties of the foils, so do changes in vacuum

conditions. These e�ects have been studied for various materials, but are not well understood in the

context of high energy proton beams impinging on titanium foils. Could localised damage to the BSI

foils, caused by such e�ects be the best explanation for what was observed? If so then is there a dominant

contribution from either of these e�ects? How large is the contribution to the SEY from the bias foils?

Di�erent operating conditions could lead to changes in the beam size and intensity, with varying e�ects

on each of the factors mentioned.

The challenge is how to isolate these e�ects in order to understand the underlying physics mechanisms

behind the strange behaviour observed and to what extent each one contributes to what we see. Chap-

ters 3 and 4 were dedicated to answering some of these questions, the former consisting of investigating

the relationship between the beam and the bias foil geometry and the latter presenting work done on

absolute calibration measurements at the BSIs in the NA beamlines.

Background information on some of these problems and other related issues is discussed in more de-

tail in [19, 38]. These documents discuss the observed issues and highlight the need for calibration of

the SEMs in the TT20 as a priority.
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Chapter 2

Accelerator Physics Concepts

2.1 Particle Motion in Accelerators

The understanding of particle motion in accelerators underpins what we observe with beam instrumen-

tation. The movement of particles in an accelerator is described by both the position and the momentum

of the particles, as both have corresponding x, y and z components. This results in a 6D system for

describing particle motion. This motion can be described in terms of two planes: the longitudinal plane,

which is along the direction of motion, and the transverse plane, which is perpendicular to the direction

of motion. As the instrumentation referred to in this thesis is transverse beam instrumentation, this sec-

tion will describe the basics transverse motion of particles in accelerators. For more detailed information

on both transverse and longitudinal particle motion, please refer to [39, 40].

When describing an ideal accelerator we assume that the accelerator has a constant energy and sta-

ble beam trajectory. The accelerator components chosen ensure that particles travel following the ideal

reference path and are accelerated until they reach the required energy, before being delivered to the

relevant experiment.

The coordinate system used for describing transverse particle motion is shown in Fig. 2.1. This sys-

tem is described in relation to the ideal path, also known as design orbit, represented by s, with radius of

curvature � . At any given point s along the design orbit there is an orthogonal plane, which can be used

to describe the trajectory of the particle, in relation to s. This is known as the Frenet-Serret coordinate

system.

The particle motion is controlled via the use of electromagnetic �elds. Longitudinal electric �elds pro-

duced by Radio Frequency (RF) cavities accelerate the beam, whilst transverse magnetic �elds are used

to control the direction of motion. If the magnetic �eld ~B is oriented vertically then the charged particle

will experience a force~F in the horizontal plane given by Eq. (2.1).
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Figure 2.1: Coordinate system for transverse motion of a particle in an accelerator

~F = q
� ~E + ~v � ~B

�
(2.1)

Where q is the particle charge and~v is the particle velocity tangential to the particle's path. Magnets

used for bending are called dipoles, so named because they have two magnetic poles. For an ideal orbit

the momentum p of a particle is related to the radius of curvature � and magnetic �eld B according

to Eq. (2.2).

B� =
p
q

(2.2)

Where B� is known as the beam rigidity and represents the constraints in both size and magnetic �eld

for achieving a certain momentum in a storage ring. Particles with momentump travelling through a

dipole of length L will be de
ected according to the bending angle� given by Eq. (2.3) [40], as is evident

from the geometric relationship shown in Fig. 2.2.

sin
�

�
2

�
=

L
2�

=
LB
2B�

(2.3)

In reality not all particles in a beam travel along the ideal path. Instead, particles with non-zero

starting position and momentum coordinates start to diverge from the design orbit and need to be fo-

cused. Dipole magnets produce a weak focusing e�ect on the horizontal plane, restoring particles back

towards the ideal orbit.
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Figure 2.2: Bending angle for dipole, from [40]

Stronger focusing can be achieved via the use of quadrupole magnets, shown in Fig. 2.3. Quadrupoles

are made up of four poles and provide focusing, but do not bend. These magnets are only able to focus

the beam in one direction, whilst the other direction becomes defocused. To focus in both transverse

directions, quadrupoles that focus in each direction need to be combined. These magnets are aligned in

structures called FODO cells, which can be repeated throughout the accelerator. Each cell is made up of

two quadrupoles F and D, where F is horizontally focusing and D is horizontally defocusing, interspaced

with a drift space (O) [39].

A particle with displacement x and angle x', given by Eq. (2.4), experiences a restoring force of strength

k(s), as it passes through a quadrupole of lengthL . This force creates a small change dx' in the angle

x', which is given by Eq. (2.5)

x0 =
dx
ds

(2.4)

dx0 = Lkx (2.5)

where k(s) is given by Eq. (2.6)

k(s) =
1

B�
dBy

dx
(2.6)
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Figure 2.3: Magnetic �eld of quadrupole magnet, from [40]

K(s) is the sum of the contributions from the quadrupole and the dipole1, which is described by Eq. (2.7),

for both horizontal and vertical planes.

K (s) =

2

4
1

� 2 + k(s)

� k(s)

3

5 (2.7)

As such we can write an equation of motion [39], similar to one used in simple harmonic motion, for

both transverse coordinates, given by Eq. (2.8), whereu can represent either x or y.

u00+ K (s)u = 0 (2.8)

The equations for both coordinates (x and y) given by Eq. (2.8) are referred to as Hill's equations and

can be expressed in the form of a matrix. For each optical element in the beamline, a matrixM can be

determined, that applied to a vector of starting coordinates
h
u0; u0

0

i
, will give a new set of coordinates

h
u(s); u0(s)

i
for the particle at position s, after traversing the element. In this way matrices can be

applied in succession to track the evolution of particle coordinates within the accelerator.

2

4
u(s)

u0(s)

3

5 =

2

4
C(s) S(s)

C0(s) S0(s)

3

5

2

4
u0

u0
0

3

5 = M (s)

2

4
u0

u0
0

3

5 (2.9)

1 In the linear approximation.

30



Here C(s) and S(s) are given by Eq. (2.10) and Eq. (2.11) respectively.

C(s) =

8
><

>:

cos(
p

Ks ) for K > 0

cosh(
p

jK js) for K < 0
(2.10)

S(s) =

8
><

>:

1p
K

sin (
p

Ks ) for K > 0

1p
jK j

sinh (
p

jK js) for K < 0
(2.11)

2.2 Beam Properties

As we cannot directly observe the particles in the beam, we must measure the beam properties in order

to understand what is happening to the beam at any given time. The beam properties allow us to

understand the conditions of the beam and make decisions a�ecting it. The beam properties that are

most relevant to this PhD thesis are described here.

2.2.1 Beam Current

The beam current refers to the number of charges passing per second through a measuring device. Given

by Eq. (2.12), it is proportional to the number of charged particles passing through. This is an impor-

tant quantity for accelerator operation because it can allow operators to know if particles have been lost

along the way and exactly how many particles are arriving at a certain location, and is also used by

experiments for their data. It is of particular importance at locations in which the beam is split into

di�erent beamlines, at extraction points, before collision points and around target locations.

I (t) =
dq
dt

(2.12)

The way of measuring beam current depends on the structure and type of the beam. At CERN most

accelerators2 have bunched beams, with the number of particles highly concentrated around certain reg-

ular intervals in time, resulting in high beam currents. In between the bunches there are spaces and

these form part of a train. It is common to speak of bunch intensity in this scenario. For this type of

beam, where there are high beam currents, it is common to use a Beam Current Transformer (BCT) for

beam current measurements, which measures the induced magnetic �eld generated by the passing beam.

There are also some transfer lines where the beam is slow extracted, such as the NA and East Area

2 including PS and SPS
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(EA). Here there are no longer bunches. The particles in these are spread out in time, distributed evenly

in what is known as a spill. In this context we may speak of spill intensity. Fig. 2.4 shows the Intensity

measured as a function of time in the spill. The spill intensity is given by the integral of the shaded

area underneath the curve. Here the intensity is low, as the particles are no longer concentrated in

Figure 2.4: Beam intensity measured, as a function of time in the spill

time, which makes beam current transformers no longer practical. In these areas proportional counting

devices such as SEMs and ionisation chambers are used. These instruments also have limitations: ioni-

sation chambers have very low outputs, and SEMs, although they can be ampli�ed, present issues with

surface degradation [41].

There are however not really viable alternatives for online monitoring of the beam, since particle de-

tectors, such as scintillators, which measure the energy loss of particles traversing a material, are not

radiation resistant and present saturation issues. Faraday cups, which collect the beam in a cup and

measure its electrical charge, although they provide very accurate measurement, are destructive and

present problems with peak power.

2.2.2 Beam Pro�le and Emittance

The particles that make up the beam are distributed in space, their position changing over time as they

interact with guiding magnetic �elds. The beam pro�le contains information about the beam shape,
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and the number of particles at a particular location. Fig. 2.5 shows the an example of a beam pro�le.

The particles in a beam are generally distributed according to Gaussian distribution3, which is described

by Eq. (2.13) [42].

f (x) =
N0

�
p

2�
exp(�

(x � � )2

2� 2 ) (2.13)

Where � is the mean and � is the standard deviation. Eq. (2.13) refers to the distribution for one

coordinate. It is common for the spread of particles and the mean value to change in di�erent parts of

the accelerator, as these get bent in di�erent directions, focused or defocused by magnets. Dipoles act

on individual transverse coordinates, whereas quadrupoles, focus in one direction, whilst defocusing in

the opposite transverse direction. This can lead to di�erences in the values for� and � for each of the

transverse coordinates (x,y).

Figure 2.5: Example of transverse beam pro�le, showing particle distribution in transverse space coordi-

nates(x,y), including projections

3at �rst approximation
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As well as giving information about the particle position in space, one can de�ne a set of coordinates

that contains information about the particles' position and motion, by relating the transverse space coor-

dinates (x; y) to the transverse dispersion coordinates (x0; y0). By doing this we get a set of phase space4

coordinates for each axis: (x; x 0) and (y; y0) [40, 42, 43]. Plotting the particle distribution according to

these coordinates, produces a phase space diagram. Particle distribution in phase space occurs within

an ellipse, shown in Fig. 2.6.

Figure 2.6: Phase space diagram

Here we can see the particles form an ellipse, which is described by Eq. (2.14).

� = 
x 2 + 2 �xx 0+ �x 02 (2.14)

Where �; � and 
 are geometric parameters of the ellipse shown in Fig. 2.6, known as Courant-Snyder

variables. 
 is related to � and � via Eq. (2.15).


 =
1 + � 2

�
(2.15)

4According to [40] "phase space" refers speci�cally to position and momentum coordinates and the name "trace space"

should be used when referring to position and dispersion coordinates, but this distinction is not always evident in literature
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The area A of this ellipse is de�ned by Eq. (2.16), where� is the emittance, given in units of mm mrad,

and represents the distribution of particles in phase space.

A = �� (2.16)

Eq. (2.14) can also be written using the matrix formalism to give the beam matrix [44, 45], shown

in Eq. (2.17)

� =

0

@
hx2i hxx 0i

hxx 0i hx02i

1

A = �

0

@
� � �

� � 


1

A (2.17)

Here the termshxi , hx0i represent the mean distribution of particles in the the x and x' axis respectively.

And the square root of the determinant of this matrix gives the rms emittance � rms de�ned by Eq. (2.18).

� rms = �
p

hx2ihx02i � h xx 0ihxx 0i (2.18)

The shape of the ellipse changes in time according to whether the beam is converging or diverging, but

the area remains constant, if there is no acceleration. This conservation law is known as Liouville's

Theorem [40].

If the particles are being accelerated then the geometric emittance� is no longer conserved, instead

we can de�ne the normalised emittance� n according to Eq. (2.19), which is invariant even under accel-

eration.

� n = � r 
 r � (2.19)

Where � r and 
 r are the relativistic parameters, which are di�erent to the previously described Courant-

Snyder parameters.

If we take Eq. (2.9), solve for x0 and x0
0, and substitute into Eq. (2.14) then we can get a set of si-

multaneous equations for the Courant-Snyder variables shown in Eq. (2.20), whereC and S are given

by Eqs. (2.10) and (2.11). More details on this can be found in [39].
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2.3 Beam Instrumentation

Understanding what is happening to the beam is crucial for accelerator operation and control. This is

done by measuring beam properties throughout the machine. Some measurements might be taken only

during commissioning, others might be a vital part of day to day operation of the accelerator. Which

beam properties are measured and the requirements and constraints of each accelerator, impact the

choice of beam instrumentation. As a result there is a wide variety of beam diagnostic devices to meet

these needs [46]. This chapter is dedicated to describing the main instruments used in the North Area

beamlines that are of relevance to this PhD project.

2.3.1 Secondary Emission Monitors

Secondary Emission Monitors (SEMs) are a type of beam instrumentation that use the process of sec-

ondary emission to measure various properties of the beam. Secondary emission occurs when charged

particles come into contact with a metallic surface. The energy of these particles is transferred to the

material, exciting and sometimes liberating electrons from the material. This generates a secondary

electron current, in which the number of secondary electrons is proportional to the number of incident

particles [47{50]. A more detailed description of the secondary emission process can be found in [9].

Most of the instruments in the TT20 beamline are SEMs. There are over 100 SEMs in this beam-

line and many of these devices have been in long term use since the beginning of the NA operation.

All of them use the same Data Acquisition System (DAQ). The DAQ for the SEM monitors consists

of a VME card, with 32 readout channels, connected to ampli�ers (shown in Fig. 2.7) with individual

ampli�cation control. Multiple detectors can connect to one card. The ampli�ers are connected to an

Analog-to-Digital Converter (ADC) and the digitised signal is sent to a computer, where the recorded

data is transferred to the NXCALS database.

The DAQ has two main modes of operation: linear mode, for use with slow extraction and integra-

tor mode, for use with fast extraction. The linear mode uses linear ampli�cation, sampling spill signal

data every 20 ms. For noise reduction the linear mode uses subsampling to reduce 50Hz to 300Hz com-

ponents and o�set correction Integrator mode, which uses active integrators and applies noise reduction

using a reference sample taken just before beam.
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(a) Linear mode: operational ampli�er, con-

nected to 3 resistors, two which have switches,

allowing for 3 di�erent gain values to be set

(b) Integrator mode: opera-

tional ampli�er, connected to

resistor and capacitor

Figure 2.7: Electronics of SEM DAQ, sourced from [51]

Di�erent types of SEM devices exist: for measuring beam position, beam pro�le, beam halo and beam

intensity. Fig. 2.8 shows the distribution of these devices along the di�erent beamlines in the North

Area. In the �gure the beamlines are numbered, with the number appearing above each one in black.

The di�erent SEM types are colour coded according to their function. The instruments in the beamline

are numbered according to their position within it. For example a BSI in the beamline 250 will be named

BSI.250.XXX, where XXX will be a 3 digit number indicating its distance along the beamline, with the

lowest values corresponding to the start of the beamline, and proceeding in ascending order towards

end of the beamline. For all other SEM instruments shown in Fig. 2.8 a similar naming convention is

used. The black rectangles are target boxes (described in Section 2.3.1.2) containing various instruments

inside. Instruments inside the target boxes follow the same naming convention, but are usually preceded

by the target number. For example, the BSI at target T10 is T10-BSI.045914. The locations of the

calibration measurements conducted during this thesis are highlighted in red and green, for the �rst two

measurements and the third respectively.
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Figure 2.8: Distribution of SEM Monitors in North Area Beamlines. From [52]

There are two types of beam position monitor: BSPs (non-motorised), and BSMs (motorised), made up

of two half foils. These are often used for steering, but are prone to saturation issues and as such not

always the most reliable.

There are two types of beam pro�le monitors, which can also be used to measure position: wire strips

(BBS) and SEM grids (BSG) [53]. They are formed of either a single (BBS) or multiple (BSG) wire

strips and obtain the pro�le by combining the measured current with the position information. The

position information is obtained either from reading data for multiple strips at a �xed location, or by

displacing the strip and taking multiple measurements at di�erent positions.

Figure 2.9: Picture of SEM Grid.
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The Beam Intensity Monitors (BSI) used in the TT20 beamline are composed of thin titanium foils,

placed in between bias electrodes, made of aluminium (see Fig. 2.10).

The bias electrodes produce an electric �eld, to ensure the electrons generated are promptly collected,

thus preventing the formation of an electron cloud near the titanium foil which would contribute to

the signal measured. They each have a hole in the centre to enable particles to 
ow through, without

interacting with the bias plate [20].

Figure 2.10: Diagram of BSI monitor - titanium foils measuring secondary emission current

are positioned between bias plates

The secondary emission signal in the foil can be related to the number of protons via a calibration factor,

described by Eq. (2.21). Over time ageing e�ects that stem from multiple sources may lead to changes

in the SEY and hence the calibration factor. It is therefore vital to perform an absolute calibration

measurement when ageing e�ects start to become apparent, since at this point the device is no longer

capable of accurately measuring the proton current. More details on the calibration process can be found

in Chapter 4.

Cf =
NP

NSEM
(2.21)

Here NP represents the number of primary protons incident on the BSI andNSEM is the current mea-

sured in the BSI monitor.

It is worth mentioning that the term BSI is used for SEM devices measuring proton intensity in the

NA at CERN. Another term encountered in literature to refer to this type of monitor is Secondary

Emission Chamber (SEC). In fact, such devices in the CERN EA are referred to as Secondary Emission
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Chamber (XSEC). The exact geometry and materials used for the measuring foils of SECs in other

locations may vary. Often they have multiple measuring foils, interspaced with bias electrodes, instead

of a singular foil, as is more common in the BSI design used in the CERN NA.

2.3.1.1 Signal Generation in SEM

As explained in Section 1.2 there are many processes involved in the production of charged particles.

Charged particles passing through a metallic foil can lead to the emission of secondary electrons, creating

a secondary electron current, which can be measured. Sternglass has produced a semi-empirical formula

(Eq. (1.15)) which is able to describe the behaviour of these secondary electrons (including high energy

delta electrons). However this equation is assuming one type of incident charged particle, with a certain

value for kinetic energy.

As a �rst approximation this should be su�cient to quantify the SEY of a BSI monitor, but in reality

at higher beam energies many di�erent types of charged particles can be created, and these particles

could potentially contribute to the signal, generating additional SEY. This is especially true for parti-

cles created outside of the Ti foil, that have enough energy to overcome the bias potential and reach the

Ti foil. Whether this contribution is signi�cant or not is one of the questions to be answered by this thesis.

Fig. 2.11 illustrates some of the main scenarios that could potentially contribute to signal generation

in SEM. Here the primary proton beam is shown in red. Blue represents secondary electrons, where

dotted blue lines represent electrons that are not emitted and solid lines represent electrons that have

been emitted. Purple tracks represent an unde�ned secondary charged particle and they are labelled

a-d, representing di�erent possible scenarios.

Figure 2.11: Mechanisms for signal generation by secondary particles in SEM monitor: a) elastic backscat-

tering, without entering Ti foil; b)secondary particle traverses the Ti foil; c) secondary particle enters Ti

foil; d)secondary particle backscatters and enters the Ti foil
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In the case of scenario a, no signal is being generated, as the particle scatters elastically, without entering

the foil, but if the scattering were inelastic, a secondary electron may have been created. In scenario b

a highly energetic secondary particle, created in the bias foil crosses the Ti foil. Each time this particle

passes close to the boundary between the Ti foil and vacuum, there is a probability it could lead to

secondary emission. As it crosses the boundary twice, it is twice as likely to produce secondary particles

than in scenario c, in which a secondary particle, produced in the bias foil, enters the Ti foil and does

not exit. In scenario d the charged particle in the bias electrode backscatters, entering the Titanium

foil. Here as it travels close to the boundary between materials, there is a possibility of electron emission.

It is worth noting that one particle could undergo the same process multiple times or combine mul-

tiple processes and this could lead to additional signal being created in the monitor. Additionally if

there was a problem with the steering of the beam and there were beam losses somewhere in the vicinity

of the beam, the particles created from the beam loss could also generate additional signal.

The signal generated in the SEM would be proportional to the net charge deposited in the foilqnet ,

given by Eq. (2.22)

qnet =
X

i

� i N i = qin � qout (2.22)

Where i is the charged particle index,� i represents the fraction of the ith type of charged particle that

is deposited in the foil and N i is the total number of charged particles of the ith type.

2.3.1.2 Target boxes

At the target stations, many di�erent types of SEM devices are installed inside target boxes. These

boxes, positioned either side of the targets, contain SEM instruments separated by bias foils. The boxes

preceding the targets are called TBIU and those after the targets are called TBID. Fig. 2.12 shows the

positioning of the target boxes around the target (Fig. 2.12a), as well as the instrumentation contained

inside them (Fig. 2.12b).
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